development. Generally, AEDs exert a dose-dependent effect on cognitive functioning. Here, we have used a dose-controlled study design to evaluate the efficacy of ZNS as monotherapy for seizure control and tolerability, including an analysis of neuropsychological effects, in children less than 16 years of age with newly diagnosed epilepsy.
Methods

Subjects
Children less than 16 years of age were eligible for the study if they had been diagnosed with epilepsy and had experienced two or more seizures in the previous 6 months. All subjects had normal intelligence at baseline (intelligence quotient [IQ] > 70), and the decision had been made to start medication. Exclusion criteria included evidence of a progressive cerebral lesion or a neurodegenerative metabolic disorder, pre-existing cognitive impairment at baseline that could interfere with future cognitive testing procedures, and a history of psychiatric disorder. Patients previously treated with AEDs were also excluded.
The study was conducted in 10 referral hospitals for pediatric epilepsy care. The protocol was approved by the institutional review boards of all of the centers involved. Informed consent was obtained from all participants and their guardians before any trialrelated procedures were performed.
Study design
The study was a multicenter, randomized, open-label, parallelgroup clinical trial of dose-comparison design with a low or high ZNS dose given as monotherapy. Each study center received a separate and independent randomization procedure by random code assignment. The study included a retrospective baseline phase of 6 months and a screening phase of 1 week during which eligibility was determined and all screening procedures were carried out. The 28-week treatment period included the initial 2-4 weeks of titration and 24 weeks of maintenance. Following the screening phase, the titration was started, during which either a low-or a high-dose was introduced.
In the low-dose group, ZNS was introduced at 1 mg/kg twice daily and increased by 1-2 mg/kg/day after 1-2 weeks. The maintenance dose for the low-dose group was 3-4 mg/kg/day. However, if a patient with partial seizures experienced one or more convulsive seizures or other types of seizures more than twice in 4 weeks, or if the seizure frequency or intensity increased in comparison with the baseline of other seizure patients, the dose was increased gradually. In the high-dose group, ZNS was introduced at 1 mg/kg twice daily and increased by 1-2 mg/kg/day every 1-2 weeks. The maintenance dose for the high-dose group was 6-8 mg/kg/day. However, if maintenance of the high-dose was rendered difficult because of adverse effects during titration or within 8 weeks of reaching the maintenance high-dose, the dose was gradually decreased (Fig. 1A) .
Outcome measures
Throughout the trial, patients (or their parent or legal guardian) maintained diaries to record the type and frequency of seizures as well as adverse effects. At each hospital visit, the investigator reviewed the patient's seizure diary. Patient visits were scheduled for days 1 (randomization), 29, 57, 85, 141 and 197.
The primary efficacy analysis was the seizure-free rate during the maintenance period. Secondary efficacy analyses included changes in cognition and behavior in a combined analysis of standardized measures from screening to the end of the maintenance phase. Comprehensive neuropsychological tests were carried out during the screening period (up to 7 days before the start of the titration) and at the end of the study (28 weeks). The Korean Wechsler Intelligence Scale for Children -Third edition (K-WISC-III) was used for cognitive assessment. The K-WISC-III comprises a full scale IQ, verbal IQ, and performance IQ with 13 subtests: information, similarities, arithmetic, vocabulary, comprehension, digit span, picture completion, picture arrangement, block design, object assembly, coding, mazes and symbol search. Verbal IQ is based on information, similarities, arithmetic, vocabulary and comprehension. The performance IQ is based on picture completion, coding, picture arrangement, block design and object assembly. The integrated cognitive function index was obtained with the K-WISC-III as follows: (1) verbal comprehension index: information, similarities, vocabulary and comprehension; (2) perceptual organization index: picture completion, picture arrangement, block design and object assembly; (3) freedom from distractibility index: arithmetic and digit span; (4) processing speed index: coding and symbol search. The Korean child behavior checklist (K-CBCL) was used to measure behavioral problems. K-CBCL is divided into social competence and behavioral problems, with the former providing assessment of total social competence, school and social problems, and the latter providing one score representing total behavioral problems, two second-order factor scores (internalizing problems and externalizing problems) and eight syndrome scales (aggressive behavior, anxious/depressed, delinquent behavior, attention problems, social problems, thought problems, withdrawn and somatic complaints). The T scores of the 14 subscales of the K-CBCL were used in the analysis. The Korean quality of life survey for childhood epilepsy (K-QOLCE) consists of a 42-item scale that assesses well-being, social activity, physical activity, cognitive functioning, behavioral functioning, general health and overall quality of life within the previous 4 weeks. The overall quality-of-life scoring scale ranges from 0 to 100, with the highest score reflecting excellent quality of life.
The tolerability and safety of ZNS were monitored throughout the dose-controlled trial by neurological and physical examinations that took into account weight, vital signs and evaluation for treatmentrelated adverse effects (one visit during the baseline period and five subsequent visits during the 28-week trial). Clinical laboratory evaluations were performed at baseline, after 4 weeks of treatment, and at the end of the study. The incidence of treatment-related adverse effects was compared between the two dosage groups.
Statistical methods
The efficacy parameter of interest was the seizure-free rate during the treatment period. The intention-to-treat (ITT) population for efficacy analyses included all randomized patients who received at least one dose of ZNS and provided at least one postrandomization, on-treatment efficacy evaluation. To compare the seizure outcomes between the two groups, the chi-square test and Fisher's exact test (n 5) were used. The data from neuropsychological analyses are presented as mean with standard deviation (SD) or number (percentage). Neuropsychological analyses for low-versus high-dose were performed with an analysis of covariance (ANCOVA) model and paired t tests across the neuropsychological variables to compare changes over time for the treatment groups. All statistical tests on neuropsychological test data were two-sided and conducted at the 95% confidence intervals based on the t distribution and pooled estimate of variance. A p < 0.05 was taken as the level of significance. Statistical analyses were performed using Statistical Product and Services Solutions (version 13.0, SPSS Inc., Chicago, IL, USA).
Results
Subject characteristics and distribution
The ITT population included 125 subjects (65 in the low-dose group and 60 in the high-dose group). Sixty-five were boys and 60 were girls, and their mean age was 8.1 AE 3.1 (range, 2-16) years. Low-and high-dose groups were similar with regard to demographic characteristics (Table 1 ). For patients with localization-related epilepsy, there were 62 patients in the idiopathic type and 38 patients in the cryptogenic/symptomatic type; the idiopathic type was composed of 54 patients with benign rolandic epilepsy and eight patients with benign occipital epilepsy. For patients with generalized epilepsy, there were seven patients with juvenile absence epilepsy, five patients with childhood absence epilepsy, four patients with generalized tonic clonic seizure on awakening, three patients with juvenile myoclonic epilepsy, and two patients with other types of idiopathic generalized epilepsy. Epilepsy classification and etiology did not differ between the two groups. Fig. 1B shows the distribution of the 125 subjects following randomization. Among the 125 ITT patients, dosage changes were realized in 13 patients. Eleven patients in the low-dose group had their dosage increased to a higher maintenance dosage due to inadequate seizure control, while two patients in the high-dose group had their dosage decreased to a lower maintenance dosage due to adverse effects. Out of the 125 patients 
Efficacy analysis-seizure-free rate during 6 months of maintenance
Forty-one (63.1%) patients in the low-dose group and 34 (57.6%) in the high-dose group achieved 6 months of freedom from seizures (p = 0.66). Table 2 shows the seizure-free rate for different epilepsy types for the 24 weeks of the maintenance period. Overall, ZNS was more effective in localization-related epilepsy (66.0% seizure-free rate, 66 of 100) than in idiopathic generalized epilepsy (38.1%, 8 of 21) (p = 0.017). In localization-related epilepsy, ZNS was more effective in the idiopathic type (64.5% seizure-free rate, 40 of 62) than the cryptogenic type (47.4%, 18 of 38). Among the patients with idiopathic generalized epilepsy, 4 of 12 patients (33.3%) with absence epilepsy were seizure-free. However, seizure-free rates for each epilepsy type did not differ between the low-and high-dose groups.
In spite of the dose being increased to a higher maintenance dosage due to inadequate efficacy in 11 patients of the low-dose group, only one (9.1%) became seizure-free. Moreover, two patients in the high-dose group whose dosage was decreased to a lower maintenance dosage due to adverse effects, maintained a seizure-free state with elimination of the adverse effects after decreasing the dose. Moreover, two patients in the high-dose group achieved a seizure-free state with elimination of adverse effects after their maintenance dosage was decreased.
Neuropsychological assessments
Cognition
The results of statistical analyses of baseline-to-endpoint changes are summarized in Tables 3 and 4 . Neuropsychological data for cognitive variables were available for 51 patients (23 on a low-dose and 28 on a high-dose regime). After treatment, the picture arrangement subtest improved in the low-dose group (p = 0.047) and the vocabulary subtest worsened in the high-dose group (p = 0.020). A comparison of the low-and high-dose groups showed that the vocabulary subtest in the high-dose group was significantly worse than that in the low-dose group (p = 0.002) ( Table 3 ).
Behavior
Neuropsychological data for behavioral variables were available for 63 patients (27 on a low-dose and 36 on a high-dose regime). In the low-dose group, social competence, somatic complaints, depression/anxiety and delinquent and aggressive behavior were improved after treatment (p < 0.05), but no significant change was seen in the high-dose group. Comparison of the low-and high-dose groups showed that total social competence, somatic complaints, delinquent behavior, externalizing, and total behavior problems exhibited greater improvement in the low-dose group than in the high-dose group (p < 0.05) ( Table  4) .
Quality of life
Neuropsychological data concerning quality of life were available for 51 patients (23 on a low-dose and 28 on a high-dose regime). No significant change was seen in the low-dose group after treatment. In the high-dose group however, energy/fatigue and mood/anxiety were improved after treatment (p < 0.05), but there was no significant difference between the two groups (Table 5) . 
Adverse effects
Mild rash (1 patient) and decreased appetite (1 patient) in the low-dose group, and dizziness (1 patient) and abdominal pain (1 patient) in the high-dose group led to withdrawal from the study during the titration and maintenance period. There were no serious adverse effects reported in this study period. Other drug-related adverse effects are summarized in Table 6 .
Discussion
The purpose of this study was to evaluate the efficacy for seizure control and the tolerability of ZNS monotherapy in children. The results showed that ZNS as monotherapy produced a 60.5% seizure-free rate in childhood epilepsy and that the efficacy of the lower dose (3-4 mg/kg/day) for seizure control was not different from that of the higher dose (6-8 mg/kg/day). Moreover, Table 4 Behavioral changes in low-and high-dose groups after ZNS treatment.
K-CBCL (T-score)
Low-dose (n = 27) High-dose (n = 36) the lower dose of ZNS had more cognitive and behavioral benefits than the higher dose. Previous studies on ZNS have mostly addressed its adequacy as an add-on therapy in intractable epilepsy patients. [1] [2] [3] [4] [5] [6] Some reports have studied the effects of ZNS monotherapy in children and young adults in retrospective analyses through chart review. 7 In contrast, this study was conducted on newly diagnosed, untreated pediatric patients (less than 16 years of age) to evaluate the seizurecontrolling effects of ZNS as a first-line therapy and to address its safety and adverse effects, including its effects on cognitive functions and behavior. The results show that ZNS can be used effectively as the first-line therapy in pediatric patients with epilepsy without causing serious systemic adverse effects. However, we found that, in relation to cognition, the vocabulary is impaired when higher doses of ZNS are used. This is a troublesome finding, particularly given that the use of this drug may interfere with language development in children.
In a previous study that retrospectively observed the effects of ZNS monotherapy, it was stated that long-term ZNS monotherapy is effective at treating a broad spectrum of seizure disorders, but a specific adverse effect, such as cognitive impairment, is common and long-lasting. 8 However, in our study, which observed the effects prospectively according to the drug dose, we found that a relatively lower dose of ZNS is effective in controlling seizures without causing cognitive impairment; in fact, some cognitive functions are even improved after treatment. Compared with the earlier study by Seki et al., in which a much higher dose (12 mg/kg/ day) of ZNS was used while the seizure-controlling effects of the drug were observed, 9 our study showed a lower frequency of adverse effects, particularly in the lower dose group. ZNS is considered to be effective at controlling various seizure types because of its multiple pharmacodynamic actions, 10, 11 with many clinical studies supporting this view. However, a review that combined study results from Japan, where the majority of ZNS studies have been conducted, showed a tendency towards better seizure-controlling effects in localization-related epilepsy compared with generalized epilepsy. 11 Our study also showed better seizure-free effects in localization-related epilepsy than in idiopathic generalized epilepsy. This may be because this study was conducted in pediatric patients with normal cognitive function, which means that, unlike other studies, all patients with generalized epilepsy were of the idiopathic type, and the number of patients with childhood or juvenile absence epilepsy was greater than that with juvenile myoclonic epilepsy. The fact that ZNS is more effective in the treatment of myoclonic seizures than in typical absence seizures is known from previous studies. 4, [10] [11] [12] Generally, the adverse effects of an AED increase in parallel with the seizure controlling effects as the drug dose is increased. 13, 14 In this study, several adverse effects increased and a significant worsening of vocabulary variables was observed when ZNS was used at the higher rather than the lower dose. In contrast, compared with the pre-treatment period, several cognition and behavior variables were significantly improved with the lower dose of ZNS treatment. The authors have observed similar results with benign rolandic epilepsy patients treated with topiramate, which has several characteristics similar to ZNS. 15 Moreover, similar results have been observed in older patients with partial seizures. 16 Although the number of target patients in this study was small, the results from patients whose dose was changed due to either inadequate efficacy or to adverse effects after randomization, show that patients whose seizures could not be controlled with lower dose ZNS could only with difficulty attain complete seizure control after increasing to a higher dose. Furthermore, patients who were seizure-free but who suffered from adverse effects with the higher dose could eliminate these adverse effects yet maintain their seizure-free state after decreasing to a lower maintenance dose. Based on these results, we propose that the ideal first-line therapy of ZNS for pediatric epilepsy may be to start with a lower dose and then gradually increase the dose while observing the response. In addition, once-daily ZNS treatment may be more effective in pediatric epilepsy, considering the results of a prior study in which effective seizure control was achieved with ZNS administered on once-daily basis. 17 In conclusion, ZNS is an effective monotherapy for newly diagnosed childhood epilepsy. Lower doses of ZNS have similar efficacy to higher doses and have more beneficial neurocognitive effects than the higher doses. If using higher doses of ZNS, the treating doctor must pay careful attention to monitor the appearance of problems associated with language development, particularly that involving vocabulary acquisition.
